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The TF protein in E. coli has 432 residues and a modu-Department of Medicinal Chemistry
The Danish University of Pharmaceutical Sciences lar structure with three domains (Figure 1A). The N-ter-
minal region, residues 1–118, is known to mediate ribo-Universitetsparken 2
DK-2100 Copenhagen some binding, while the role of the C-terminal domain
is more uncertain. A substrate-capturing role has beenDenmark
suggested (Blaha et al., 2003; Hesterkamp et al., 1997;
Maier et al., 2003). The central TF sequence, residues
132–251, is related to the FK506 binding chaperone fam-
Summary ily in agreement with TF’s peptidyl-prolyl cis/trans iso-
merase (PPIase) activity. Structural similarity between
The exit tunnel region of the ribosome is well estab- the two chaperones has been confirmed by NMR spec-
lished as a focal point for interaction between the com- troscopy (Vogtherr et al., 2002). However, recent studies
ponents that guide the fate of nascent polypeptides. of the TF binding specificity suggest that the folding
One of these, the chaperone trigger factor (TF), associ- capacity of the TF PPIase domain is not strictly depen-
ates with the 50S ribosomal subunit through its dent on the presence of proline residues (Patzelt et al.,
N-terminal domain. Targeting of TF to ribosomes is 2001). In this study, TF’s PPIase activity has been dis-
crucial to achieve its remarkable efficiency in protein rupted by mutation, while the natural polypeptide chap-
folding. A similar tight coupling to translation is found erone activity was maintained (Li et al., 2001; Scholz et
in signal recognition particle (SRP)-dependent protein al., 1997).
translocation. Here, we report crystal structures of the The trigger factor gene, tig, is universally conserved
E. coli TF ribosome binding domain. TF is structurally in bacteria and it is also retained in Mycoplasma species
related to the Hsp33 chaperone but has a prominent that have lost the genes for all other PPiases (Bang et
ribosome anchor located as a tip of the molecule. al., 2000). Evolutionary, the presence of the N-terminal
This tip includes the previously established unique TF and central domains is well conserved, but the C-ter-
signature motif. Comparison reveals that this feature minal domain is absent in some species.
is not found in SRP structures. We identify a conserved The kinetic aspects of TF-ribosome binding have been
helical kink as a hallmark of the TF structure that is studied in detail and reveal a highly dynamic nature of
most likely critical to ensure ribosome association. the interaction. Association of TF with substrates takes
place on a millisecond timescale, while TF on average
is bound substantially longer to the ribosome. It is boundIntroduction
for about 30 s, and therefore it remains available as the
polypeptide chain is being extended at the ribosomalProtein synthesis and transformation of the underlying
exit tunnel (Maier et al., 2003). Although the N-terminalgenetic code into polypeptide chains takes place on
domain alone is sufficient to ensure this ribosome asso-ribosomal particles in the cell. In bacteria, ribosomes
ciation, the other domains enhance the interaction.are characterized as 70S assemblies formed by associa-
Thus, close domain interplay is apparently critical totion of two parts, the 50S and 30S subunits. Newly
achieve the proper TF activity.formed polypeptides chains emerge through a tunnel in
The ribosomal binding site for TF has been probedthe 50S ribosomal subunit in a largely unfolded state
by neutron scattering, mutational analysis, and chemical(Albanese and Frydman, 2002; Nissen et al., 2000). Sub-
cross-linking experiments (Blaha et al., 2003; Kramer etsequent or possibly cotranslational folding is required
al., 2002). The neighboring ribosomal proteins L23 andfor the product to be organized into a functional three-
L29 are located next to the ribosomal exit tunnel. Theydimensional structure.
have both been covalently bonded to a UV-activatedMolecular chaperones exist to catalyze such events
10 A˚ cross-linker introduced in E. coli TF. No cross-linksin the cytosol of bacteria. The DnaK-DnaJ and GroEL-
were observed to ribosomal RNA, which imply that thisGroES systems are important examples that have been
region is rather distant from the nucleic acid scaffoldstudied in great detail over the last few decades (Blaha et
(Kramer et al., 2002). Mutational data indicate that L23al., 2003; Deuerling et al., 2003; Feldman and Frydman,
is the primary ribosomal partner in TF binding at its 50S2000; Richardson et al., 1998). More recently, it has
docking site. As for TF, a conserved signature motif hasbeen recognized that another protein, trigger factor (TF),
been identified from available sequences (Figure 1B).cooperates with these folding pathways. TF interacts
Mutations in this region have been shown to stronglywith the polypeptide chain at an early stage, when it
impair TF binding (Kramer et al., 2002). The results of theappears at the ribosomal surface after passage through
neutron scattering experiments agree with establishedthe ribosomal exit tunnel. This site of TF-polypeptide
data, and confirm that TF binding takes place in thechain interaction is located at a distance of roughly 100 A˚
vicinity of the exit tunnel. Surprisingly, this study sug-
gests that trigger factor binds to the ribosome as a
functional homodimer. This contradicts previous find-*Correspondence: ok@dfh.dk
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Figure 1. Representation of the TF Molecule at Different Structural Levels
(A) TF has been shown to be a modular protein by proteolysis experiments and sequence analysis. The ribosome binding domain, TFrb, is
located in the N-terminal and connected to the central domain, PPiase, via a linker region. The C-terminal domain has an uncertain function
and is absent in some species.
(B) ALSCRIPT (Barton, 1993) alignment of representative TFrb sequences. The previously identified TF signature pattern includes several fully
conserved residues (marked by light green color). In this paper, the motif is extended to include the structurally important “Kink.” Known
mutations introduced in the TFrb region are marked in pink and the secondary structure assignment is shown below.
(C) MOLSCRIPT (Kraulis, 1991) cartoon of the TFrb structure. Coloring follows that of the secondary structure elements in (B).
ings of an equimolar stoichiometry in the TF-ribosome been confirmed that TF and Ffh compete in ribosome
binding, although it remains unclear whether this meanscomplex.
Proteins designated for secretion or incorporation into that TF and Ffh share a binding site on the ribosome
(Albanese and Frydman, 2002; Beck et al., 2000; Gu etmembranes carry signal sequences that guide them to
distinct pathways in the cell. In bacteria, polytopic mem- al., 2003; Ullers et al., 2003). TF appears to have a pivotal
role in the discrimination between SRP substrates andbrane proteins are handled by a translocation machinery
that is somewhat similar to the eukaryotic signal recog- nascent polypeptide chains destined for secretion. This
selection takes place prior to contact with the commonnition particle (SRP)-dependent system. Direct interac-
tion between the SRP54 subunit and the ribosome has SecY translocon. During synthesis on the ribosome, TF
maintains strong binding to SecA/SecB substrates untilbeen demonstrated by cross-linking experiments. These
indicated that ribosome binding could be expected for the chain elongation is completed, and in this way pre-
vents erroneous SRP recognition (Beck et al., 2000).the bacterial SRP54 homolog Ffh (Driessen et al., 2001;
Nissen et al., 2000). Interestingly, the equivalents of the Outstanding cryo-EM reconstructions have visualized
cotranslational translocation. Complexes between eukary-prokaryotic ribosomal proteins L23 and L29 were also
here identified as cross-linking products. They are linked otic (Sec61) as well as bacterial (SecYEG) translocons
and ribosomal particles have been studied (Beckmannto the N-terminal four helix bundle domain of SRP54
(Nissen et al., 2000; Pool et al., 2002). It has recently et al., 2001; Morgan et al., 2002). Intriguingly, these com-
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Table 1. Data Collection, Phasing, and Refinement Statistics
Data Set Se-Met F44L
Data Collection
Space group H32 H32
Cell dimensions (A˚)
a, b 71.6 71.9
c 375.4 257.7
Wavelength (A˚) 0.9797 0.9404 1.12
Resolution range (A˚) 30–2.3 (2.42–2.3) 30–2.3 (2.42–2.3) 40–2.15 (2.23–2.15)
Unique reflections 31,810 31,897 14,381
Average multiplicity 4.2 (4.1) 3.5 (3.4) 11.3 (5.9)
Completeness (%) 99.6 (100.0) 99.9 (100.0) 99.7 (96.7)
I/I 25.6 (6.6) 24.2 (6.7) 25.2 (6.5)
Rmerge 0.059 (0.330) 0.052 (0.332) 0.078 (0.201)
Phasing Statistics
Resolution range (A˚) 30–2.3
Figure of merit
(centric/acentric)
SOLVE (6 sites) 0.45
SHARP (9 sites)a 0.49/0.59
autoSHARP—DM 0.87
Phasing power
(iso/ano) 0.00/1.78 1.60/1.05
Rcullis (iso/ano) 0.00/0.66 0.61/0.82
Refinement
Rwork/Rfreeb 0.208/0.238 0.200/0.247
Number of atoms
Protein 2712 1812
Water 214 209
Hetero 139 12
Average B factor (A˚2)
Main chain 33.0 24.6
Side chain 36.3 28.2
Water 35.7 32.7
Hetero 58.4 44.0
Rms deviation
Bond lengths (A˚) 0.008 0.007
Angles () 1.3 1.2
a Sites found by SOLVE were input to SHARP and three additional sites located from residual maps.
b Rfree: reflections (5%) were randomly selected in thin resolution shells with DATAMAN (Kleywegt and Jones, 1996) ensuring for anomalous
data that Friedel mates carried equivalent Rfree flags. 10% of the F44L reflections was chosen for Rfree validation.
plexes interact through a surface that apparently covers allel  sheet flanked by two long  helices (Figure 1C).
One of the two consecutive helices, which protrude froma substantial part of the ribosomal exit tunnel area. How-
ever, it is still not known how TF binding is involved, or the core of the structure, is strongly kinked at a position
close to the connecting loop region. This abrupt kink ispossibly prevented, upon translocon association. Future
studies may clarify this complex sequence of events in at the position of a glycine residue found at position 59
in the E. coli sequence. Despite not being fully conservedgreater detail. The present paper discusses other impli-
cations that arise from the structure determination of among different species, this induced flexibility is a com-
the TF ribosome binding domain. mon feature that further extends the established TF sig-
nature motif. In cases where this glycine is absent, an
alanine residue is found in position 60 and this does inResults and Discussion
the same way relax tightφ, restraints (Figure 1B). Thus,
the kink of the helix is most likely conserved in allOverall Structure
species.The structure of the ribosome binding domain (TFrb) of
The surface charge distribution of TFrb does not ex-the E. coli trigger factor was determined by MAD phasing
plain its tendency to aggregate in solution and the for-using seleno-methionyl substituted protein. The struc-
mation of inclusion bodies upon overexpression (seeture has been refined against data from two crystal
Experimental Procedures). Although there are hydro-forms. The protein of one form is mutated at the impor-
phobic patches on the molecule, both positive and neg-tant residue 44 of the TF signature motif (Table 1; Figure
ative charges are found with a frequency corresponding1B).
to soluble proteins. The absence of pronounced hy-TFrb has an elongated  structure of dimensions
35	 45	 65 A˚ and consists of a four-stranded antipar- drophobic patches on the TFrb surface is in agreement
Structure
1550
Figure 2. Experimental Electron Density of the Ribosomal Anchor Region
Figure of merit weighted electron density produced after phasing and density modification using the program autoSHARP. The solvent
flattening procedure eradicated the density for two highly flexible loop regions, but all other part of the map unambiguously revealed the
contents of the unit cell. The final refined model (olive color) is superimposed on the map and surrounded by symmetry-related molecules
(marked by gray color). Sulfate ions (shown as red/black tetrahedrons) located in this area may mimic the rRNA phosphate backbone,
suggesting that such contacts could be involved in TFrb-ribosome binding.
with the observation that high concentrations of ammo- region is discussed in detail below. Unlike many ribo-
somal proteins, the isoelectric point of TFrb is acidic.nium sulfate help to keep the protein in solution. A re-
markable feature of the molecular surface is the high This is explained by many negatively charged amino
acids on the surface of the structural core. These resi-number of basic residues located at the tip of the
-helical part of the molecule (Figures 2 and 3A). This dues will probably not interact with rRNA and can con-
Figure 3. Hallmarks of the TFrb Structure
(A) Electrostatic properties of the TFrb structure displayed as a GRASP (Honig and Nicholls, 1995) surface. A region containing many basic
residues is located at the tip of the molecule while negative charges dominate one face of the  sheet of the structural core.
(B) Stereo view of the ribosomal anchor region, molecule B.
(C) We observe different loop conformations of the ribosomal anchor. From left to right (blue to light green) are shown the three conformers
observed in the SeMet-TFrb crystal. The conformation of the loop in the F44L structure (yellow) is most similar to the least well-defined loop
configuration, molecule C.
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Figure 4. Ribosome Association through Dis-
tinct Features
Comparison of ribosome binding areas of the
SRP54/Ffh N domain (yellow) and the TFrb
structure reveals that there are significant dif-
ferences.
sequently be expected to engage in protein-protein ribosomal proteins and other RNA binding proteins.
These residues were suggested to mediate contact tointeraction or provide a natural surface toward the cyto-
plasm. the bases of RNA in the context of protein-RNA com-
plexes (Ramakrishnan and White, 1992). In TF, the signa-
ture residue Phe44 is a surface-exposed aromatic resi-Ribosomal Anchor
The twisted loop containing the TF signature pattern due in the anchor region (Figure 4). Although this residue
has VDW contacts to other atoms in the loop, it is freelythat links the two  helices is the part of the TFrb struc-
ture with the highest conformational flexibility (Figures accessible and exposed at the surface. Thus, the tip of
the TFrb structure, protruding at the end of the -helical1B, 1C, and 3B). This loop constitutes a ribosomal an-
chor. For the SeMet structure, we observe three different region, has characteristics that enable it as a ribosomal
anchor, constructed for binding in an rRNA environment.loop conformations (Figure 3C). The two conformational
extrema, molecule A and B, represent well-defined The four helix bundle domain of SRP54/Ffh (N domain)
has also been implicated in ribosome binding. It bindsstructures with high occupancy of main chain atoms.
They could both represent low-energy conformations in to a region that apparently overlaps with the site of TF
interaction, close to the ribosomal proteins L23 and L29the TF-ribosome complex. The conformation in mole-
cule C appears to be less stable, as indicated by its (Gu et al., 2003; Nissen et al., 2000; Pool et al., 2002).
A comparison shows that the SRP54/Ffh does not havelower occupancy and high average B values. Hence,
molecule C could represent an intermediate between an obvious ribosomal anchor (Figure 4). The Ffh N do-
main has a positively charged patch, which could possi-the two extremes. The fully conserved residue Gly47
may have a role in this transition. The only conformation bly provide an epitope for rRNA and ribosome binding.
This indicates that the Ffh and TF binding interactionsseen in the F44L variant structure surprisingly is most
similar to the molecule C conformation. However, the in the exit tunnel area are different.
crystal of the F44L mutant was soaked in a cryogenic
buffer, which did not include ammonium sulfate. It is Ribosomal Binding Site
The structure of the 70S ribosome has now been deter-possible that the A and B conformations from the SeMet
structure are stabilized by the presence of sulfate ions mined, including its subunits at atomic resolution. Also
the structures of the major soluble factors required inin this region (Figure 2). Several crystal structures of
nucleic acid binding proteins show that sulfate ions can protein synthesis are known (Al-Karadaghi et al., 2000;
Wimberly et al., 2000; Yonath, 2002; Yusupov et al.,serve to mimic the phosphate backbone and this has
provided hints to locate RNA binding sites (Davies et 2001). This has prompted interest in functional aspects
that are less directly linked to the elongation process.al., 1998; Staker et al., 2000). The conformation seen in
molecule C, and in the F44L structure, could be more One example is the interaction between TF and the ribo-
some. The complexity of TF function has caused uncer-like that found in an “RNA-free” environment.
Thus, a binding mode involving either of the stable tainty about its role and importance in the cell ever since
it was first associated with ribosome function (Stoller etloop conformations would be expected, if the presence
of the sulfate ions is assumed to mirror TFrb-ribosome al., 1995). It has become clear that in order to understand
the TF function it is necessary to establish the structuralinteraction. The presence of surface-exposed aromatic
residues has been observed in several structures of foundation.
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ribosomal subunit. Further, the trend from our filtered
docking attempts suggests that TFrb protrudes from
the 50S subunit, making only limited contacts to the
ribosomal proteins L23 and L29 (Figure 5). This working
model supports relatively weak interactions in agree-
ment with the previously reported dynamic binding of
TF (Maier et al., 2003). Such dynamic binding has been
observed even for proteins considered an integral part
of the ribosomal particle. In the 30S subunit, the protein
S2 is an example of very loose attachment of a ribosomal
component, with only 7 out of 236 residues contacting
RNA. This weak association makes S2 exchange quickly
between a ribosome-bound state and the solution
(Brodersen et al., 2002). It is not unlikely that the TF-
ribosome interactions are of the same relatively weak
nature.
Kramer et al. (2002) also emphasized that the L23
residue Glu12 is exposed in the ribosomal exit tunnel
and mutation of this residue was shown to affect TF
binding. However, an examination of the fully refined
50S structure reveals that Glu12 is engaged in hydrogen
Figure 5. The Ribosomal Exit Tunnel Area bonding to rRNA and not freely accessible at the surface
Crown view of the 50S subunit. Ribosomal proteins (gray) are distrib- of the subunit. This suggests that conformational adap-
uted on the surface of the rRNA scaffold (slate). The position of a
tation is involved in the process of TF binding. This isgrowing polypeptide chain emerging from the exit tunnel has been
not unlikely in view of the inherent plasticity of the exitmodeled into the 50S structure (red spheres of C atoms). L23
tunnel region (Bashan et al., 2003; Berisio et al., 2003).(yellow) and L29 (green) are located close to the exit tunnel.
If this is the case, it also means that full understanding
of the TF-ribosome interactions will have to await a high-
Recently, a pioneering study has described important resolution structure of the complex.
molecular determinants in TF-ribosome binding and
identified L23 as the primary docking site on the ribo-
some (Kramer et al., 2002). In E. coli, the TFrb residue TF Dimer Formation
The TF oligomerization tendency has been mentionedAsp42 was mutated and used to establish chemical
cross-links to the ribosome. Peptide sequences span- in several studies. A three-state equilibrium has been
observed between TF bound to ribosomes as monomersning 12–14 amino acids were mapped as cross-linking
partners originating from the ribosomal proteins L23 and and with TF in a monomer/dimer equilibrium in solution
(Patzelt et al., 2002). We have also performed dynamicL29. Considering the length of the mapped peptides and
the 10 A˚ length of the cross-linking reagent, these light scattering experiments on intact TF, which clearly
confirms a strong tendency of the molecules to aggre-experiments provide distance restraints, but with large
uncertainties. L23 was reported to be the major interac- gate (data not shown). TF dimerization has been re-
ported to involve mainly the N- and C-terminal TF do-tion partner, and in addition, the FRK sequence (resi-
dues 44–46) of the TFrb anchor was shown to be impor- mains, but the PPiase domain did influence dimerization
through the N-terminal domain (Patzelt et al., 2002). Thistant for binding L23 (Figure 1). Strikingly, the strongest
restraint given by this work is the lack of observed cross- supports a model where the N-terminal and PPiase do-
mains work closely together as a combined structurallinks to rRNA. This suggests that the position of Asp42
in TF is at least 10 A˚ away from a nucleic acid environ- unit. A model for the TF-dimerization mode has de-
scribed the interaction as a head-to-head alignment ofment. The suggested role of the ribosomal anchor of
the TFrb structure implies, however, interactions with the molecules (Patzelt et al., 2002) (Figure 6). Ribosome
bonded monomeric TF as the functional form has re-RNA. This is in conflict with the results of the cross-
linking experiments, but this could be due to the general cently been questioned by a thorough characterization
of the samples used in neutron scattering experimentsdifficulty in establishing proper cross-links to RNA
(Brodersen et al., 2002). (Blaha et al., 2003). Here, the authors suggest that TF
binds as a homodimer. By crystal packing analysis ofWe have tried to define a putative docking site for the
TFrb structure on the 50S subunit, guided by results both crystal forms, we have identified extensive con-
tacts between the 2 helices of two neighboring mole-from program suite 3D-DOCK (Katchalski-Katzir et al.,
1992), which can introduce the biochemical information cules (Figure 6). The estimated interface accessible sur-
face area (ASA) is about 1075 A˚2, which indicates thatabove as a filter. It was not possible to determine a
single indisputable binding site due to low contrast in this interaction could result in the formation of cytosolic
TF dimers (Jones and Thornton, 1996). The interactingthe calculated scoring function. Manual docking with
the same set of biochemical restraints did not suggest TFrb domains are arranged in an antiparallel fashion
(Figure 6) and not head-to-head as previously sug-an obvious binding mode either. The core of the TFrb
structure, including the  sheet and a part of the  gested. Antiparallel pairing of two TFrb domains leaves
the anchor regions accessible for interaction with a ribo-helices, did in most docking models point away from the
Chaperone Binding at the Ribosomal Exit Tunnel
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Figure 6. TF Dimerization
(A) Previously suggested head-to-head model
for homodimerization of TF (Patzelt et al.,
2002).
(B) Our crystal structures suggest that the
N-terminal TF domain contributes to dimer-
ization through an antiparallel alignment of
two TFrb modules. Helix 2 of two adjacent
molecules mediates the most prominent con-
tacts (marked in verdigris green and yellow).
somal binding site. This could explain the observed has been undertaken with a construct covering residues
151–251. This revealed that the first putative  strandbinding of dimers in the neutron scattering experiment.
of the domain is not well defined (Vogtherr et al., 2002).In this way, it is plausible that a TF homodimer could
It is possible that residues 132–151 are actually part ofbind to the ribosome through interaction with only one
the central domain, thus stabilizing the  strand that isof the ribosomal anchors. From an evolutionary per-
disordered in the NMR study.spective, however, it is less likely that such a scenario
Sequences of the N- and C-terminal domains are onis physiologically relevant, since it would dissipate a
the other hand entirely unique to TF. A DALI (Holm andpreserved and invariant structural feature.
Sander, 1993) search identified structural homology be-Our analysis of TFrb does not exclude that the
tween TFrb and a proteolytic fragment of the E. coli heat-C-terminal TF domain could still contribute to dimeriza-
shock-induced chaperone Hsp33. Despite a sequencetion by head-to-head association. However, the binding
similarity of only 8% in the region of the 83 alignedof a head-to-head TF dimer to the putative docking area
residues, the positions of C atoms (Figure 7) could beon the ribosome would place two ribosomal anchors at
superimposed with an rms deviation of 2.7 A˚. In thethe tip of the complex. If this state represented the in vivo
Hsp33 structure,  strand 2 is followed by a helix thatsituation, TF would then bind to the ribosome through a
is equivalent, but shorter, to the 1 helix in TFrb (Kimdimeric anchor structure. Yet, the known structure of
et al., 2001). This helix in Hsp33 is followed by a longthe 50S subunit does not possess internal symmetry.
loop of 8 amino acids before resuming close structuralThese arguments support an antiparallel dimerization
similarity to TFrb at the position of the important kink inand that TF functions as a monomer on the ribosome.
the 2 helix. In the TFrb structure, the unique ribosomalAt present, it is not clear if the excess of TF dimers in
anchor replaces this loop. The positions TFrb residuethe cytoplasm has any important functional role, e.g.,
80 and Hsp33 residue 61 represents a point of structuralin interactions with other chaperones, like the DnaK-
divergence. In Hsp33, the structure continues into theDnaJ or the GroEL-GroES systems. Several reports indi-
second  sheet of the molecule, while TF extendscate that these different systems complement each
through a loop region into  strand 3 of the single sheetother under various circumstances and that they even
in TFrb. Structural similarity starts again at residues 91cooperate in a yet poorly understood manner (Deuerling
and 155 of TF and Hsp33, respectively. Thus, the Hsp33et al., 2003; Kandror et al., 1999).
 sheet region, residues 61–155, represents an exten-
sive insertion into the 2-3 loop of TFrb. The 4 strand
Structural Similarity with Other Proteins terminates the TFrb core structure and the extended
The C-terminal residues of TFrb, residues 113–118, mark coil region, connecting TFrb and the following PPiase
the beginning of an extended coil region connecting the domain, begins at around residue 113. A similar feature
N-terminal domain of TF and the following PPiase do- is observed for the Hsp33, where the corresponding 
main of known structure (Vogtherr et al., 2002). This strand continues into the second domain of the mole-
central region in TF sequences shares homology to other cule. Interestingly, even though Hsp33 and TF serve
FK506 binding protein-family members, although it was clearly distinct functional roles in the cell, they both act
not possible to identify it as a FKBP-like domain based as chaperones of protein folding.
on FKBP-PPiase signature patterns alone (Callebaut It is tempting to speculate that the mainly -stranded
and Mornon, 1995). Residues 113–132 form the linker structure of the TF PPiase domain could possibly pack
region. It has previously been characterized as an un- against TFrb in a fashion that resembles the organization
structured protease-sensitive area (Blaha et al., 2003; of the  sheets around the central helix in the first Hsp33
domain. Such an arrangement is certainly possible dueHesterkamp et al., 1997). A NMR study of the TF PPiase
Structure
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the 2 helix in the TFrb structure at Gly59 is a structural
hallmark that provides a flexibility, which seems to be
required for proper TF function. Preserving the glycine
residue or compensation through an alanine at position
60 conserves flexibility at this position in all known se-
quences. This extends further the previously established
TF signature motif and emphasizes the functional role
of the ribosomal anchor described in this paper. The
closely packed TFrb dimer, which we observe in our
crystals, provides additional support to the view that TF
binds to the ribosome in a monomeric state. We have
suggested how the N-terminal domain contributes to
the dimerization of TF in solution.
Experimental Procedures
Cloning, Expression, and Purification
The segment of the tig gene coding for amino acids 1–118 (TFrb)
was amplified by PCR using genomic DNA from a colony of E. coli
strain TG1, pfuTurbo DNA polymerase (Stratagene), and two primers
containing unique restriction sites for NdeI and NotI: (a) 5
-GCG
GCAGCCATATGCAAGTTTCAGTTGAAACCAC-3
 and (b) 5
-GCT
CGAGTGCGGCCGCTTACTCGAGTTCAACTTCCGGATA-3
. The am-
plified fragment was inserted into a pET28a vector (Novagen) to
produce the pNtig expression construct coding for TFrb and a
N-terminal His tag. A positive clone was checked by DNA sequenc-
ing (MWG Biotech AG). The F44L mutant was produced at an early
stage from a different clone and the sequence was deduced from
electron density maps. Plasmids were transformed into BL21(DE3)-
pLysS competent cells (Novagen) and grown in LB medium con-
Figure 7. Structural Similarity taining 100 g/ml kanamycin. After 3–4 hr, protein expression was
induced with 1 mM isopropyl--D-thiogalactopyranoside and growthTFrb (green) superpositioned with the structurally related Hsp33
continued for 3 hr at 37C. Production of seleno- methionine substi-chaperone (yellow). Secondary structure element of TFrb are shown
tuted (SeMet) protein followed a published procedure (Van Duynefor reference.
et al., 1993).
Native protein was purified by standard chelated-nickel chroma-
tography, ammonium sulfate precipitation, and Superdex 75 gel
to the fairly long linker region connecting the domains. filtration (Pharmacia). Thrombin was used to remove the His tag
It is, however, in conflict with the mode of dimerization prior to gel filtration. SeMet protein was exclusively expressed as
through helix-helix association as suggested by the TFrb inclusion bodies and purified under denaturing conditions, 8 M urea.
Fractions from the metal affinity column were collected and dialyzedcrystal packing. Further, the TFrb2 helix does not share
against refolding buffer (300 mM KCl, 100 mM ammonium sulfate,the hydrophobic character of the central Hsp33 helix.
20 mM HEPES, 10 mM -mercaptoethanol, pH 7.5) at 6C. RefoldedAnother putative quaternary structure could involve the
protein was precipitated with ammonium sulfate, cleaved using
structurally accessible  sheet surfaces of the TF PPiase thrombin, and finally purified on Superdex 75 (5 mM Tris-HCl, 500
and ribosome binding domains, respectively. In TFrb, mM ammonium sulfate, 10 mM DTT, pH 8.0).
many negatively charged residues dominate this sur-
face, and it seems plausible that the mainly positively Crystallization and Data Collection
charged  sheet area of the PPiase domain might inter- Native and SeMet protein was concentrated to 1.5 mg ml1 in
act in a sandwich-like fashion. Such an arrangement gel filtration buffer (see above). Initial screening for crystallization
conditions was performed before the correct sequence of the con-would provide compactness to the TF structure in accor-
struct was verified. The crystal of the F44L mutant used in this studydance with the assumptions and fitting results of the
was from initial screening experiments and diffraction data wasneutron scattering experiment (Blaha et al., 2003).
collected 3 years later. The F44L crystal was transferred to a cryo-
solution containing 30% PEG2000 MME, 85 mM sodium acetate,
100 mM Tris-base, 15% glycerol. Crystallization of both native andConclusions
SeMet protein has been optimized and achieved by mixing 3 lPrevious work has emphasized the importance of the
protein with 3 l of the well solution (0.2 M ammonium sulfate, 0.1 Mribosome-associated chaperone trigger factor in protein
sodium acetate pH 5.0, 5% PEG 400, 5% glycerol, 31% PEG 2000folding and identified its ribosome binding site to reside
MME) in a hanging drop experiment at 6C. Crystals produced in
close to the 50S exit tunnel. The ribosomal proteins L23 this manner and frozen directly from the drop diffracted to 7 A˚.
and L29 to which TF has been chemically cross-linked Dehydration of the crystals was achieved by placing the crystalliza-
tion drop over a well containing a only partly soluble mixture ofdemarcate this region. The TFrb structures presented
0.8 M ammonium sulfate, 0.1 M sodium acetate, pH 5.0, 10 mMin this paper reveal a distinct structural feature located
DTT, 50% PEG 2000 MME, and 15% glycerol overnight at 6C. Thisat the tip of the molecule, which is suggested to act as
procedure resulted in significantly improved diffraction as shown ina ribosomal anchor that targets the chaperone to the
Table 1. Intensity data were collected at MaxLab, Lund, Sweden
ribosome. This feature is not found in the ribosome bind- beamline 711 (F44L data) and EMBL, Hamburg, Germany beamline
ing region of SRP54 homologs, which suggests that their BW7A (MAD data). F44L data was processed by DENZO/SCALE-
PACK and MAD data by MOSFLM/SCALA.interactions with the ribosome are different. The kink of
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Eur. J. Biochem. 267, 3270–3280.The TFrb structure determination was based on data obtained from
a two-wavelength MAD experiment. Six selenium sites of the heavy Barton, G.J. (1993). ALSCRIPT: a tool to format multiple sequence
atom substructure were located by the program SOLVE (Terwilliger alignments. Protein Eng. 6, 37–40.
and Berendzen, 1999). Improvement of the phases from SOLVE by
Bashan, A., Agmon, I., Zarivach, R., Schluenzen, F., Harms, J., Be-density modification using the program RESOLVE (Terwilliger, 2000)
risio, R., Bartels, H., Franceschi, F., Auerbach, T., Hansen, H.A., etresulted in a clearly interpretable electron density map. Following,
al. (2003). Structural basis of the ribosomal machinery for peptidethese six sites were used to start phasing in SHARP and the re-
bond formation, translocation, and nascent chain progression. Mol.maining three N-terminal seleno-methionine sites were located from
Cell 11, 91–102.residual maps. After optimizing the parameters of the SHARP phas-
Beck, K., Wu, L.F., Brunner, J., and Muller, M. (2000). Discriminationing procedure, the density modification module of autoSHARP was
between SRP- and SecA/SecB-dependent substrates involves se-used to derive our final experimental estimate of the phases (de La
lective recognition of nascent chains by SRP and trigger factor.Fortelle and Bricogne, 1997). From these phases, we applied the
EMBO J. 19, 134–143.CCP4 (CCP4, 1994) implementation of the ARP/wARP program
(Lamzin et al., 2001), and the automatic tracing facilities provided Beckmann, R., Spahn, C.M.T., Eswar, N., Helmers, J., Penczek, P.A.,
here generated a fairly complete initial model. The TFrb structure Sali, A., Frank, J., and Blobel, G. (2001). Architecture of the protein-
was completed manually and rebuild using the O program (Jones conducting channel associated with the translating 80S ribosome.
et al., 1990). Refinement of the structure was performed in CNS Cell 107, 361–372.
(Brunger et al., 1998) using our initial experimental phases as re- Berisio, R., Schluenzen, F., Harms, J., Bashan, A., Auerbach, T.,
straints through application of the MLHL target function. Baram, D., and Yonath, A. (2003). Structural insight into the role
Noncrystallographic symmetry (NCS) is present in both crystal of the ribosomal tunnel in cellular regulation. Nat. Struct. Biol. 10,
forms used in this study. The core part of the structure is nearly 366–370.
identical for all the individual monomers with an average rms devia-
Blaha, G., Wilson, D.N., Stoller, G., Fischer, G., Willumeit, R., andtion of 0.48 A˚ for 100 C atoms (residues: 1–8, 12–30, and 76–96).
Nierhaus, K.H. (2003). Localization of the trigger factor binding siteStrong NCS restraints were imposed in the structure refinement.
on the ribosomal 50S subunit. J. Mol. Biol. 326, 887–897.Ramachandran plots of the structures agree with a sensible geome-
try of the derived models, and the few outliers with unusual φ, Brodersen, D.E., Clemons, W.M., Jr., Carter, A.P., Wimberly, B.T.,
angles are either well-defined glycine residues or restricted to mo- and Ramakrishnan, V. (2002). Crystal structure of the 30 S ribosomal
bile loops. PROCHECK (Laskowski et al., 1993) analysis indicates subunit from Thermus thermophilus: structure of the proteins and
that modeling of side chains is better than expected at this resolu- their interactions with 16 S RNA. J. Mol. Biol. 316, 725–768.
tion. The high-quality experimental electron density map made the Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
derivation of good quality models straightforward (Figure 2). We Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,
observed several well-defined polyethylene glycol molecules in the Pannu, N.S., et al. (1998). Crystallography & NMR system: a new
SeMet-TFrb crystal, and they were included in refinement using software suite for macromolecular structure determination. Acta
parameter generated by the HIC-UP server (Kleywegt and Jones, Crystallogr. D 54, 905–921.
1998). One of the sulfate ions located in the structure is positioned
Callebaut, I., and Mornon, J.P. (1995). Trigger factor, one of theon a special position and to accommodate for this crystallographic
Escherichia coli chaperone proteins, is an original member of thefeature it was modeled as a sulfur dioxide molecule.
FKBP family. FEBS Lett. 374, 211–215.The structure of the F44L mutant was determined by molecular
CCP4 (Collaborative Computational Project 4) (1994). The CCP4replacement and like the SeMet structure refined in CNS using NCS
suite: programs for protein crystallography. Acta Crystallogr. D 50,restraints. Relevant phasing and refinement statistics is summarized
760–763.in Table 1. 3D-DOCK calculations followed the procedure outlined
in the manual (Katchalski-Katzir et al., 1992) using default param- Davies, C., Gerstner, R.B., Draper, D.E., Ramakrishnan, V., and
eters. A static model was produced by selecting ribosomal coordi- White, S.W. (1998). The crystal structure of ribosomal protein S4
nates (PDB entry: 1JJ2) within a distance of 80 A˚ from the L23 reveals a two-domain molecule with an extensive RNA-binding sur-
residue Glu12, ignoring all ions and water molecules. Figures were face: one domain shows structural homology to the ETS DNA-bind-
prepared with PyMol (DeLano, 2002) if not indicated otherwise. ing motif. EMBO J. 17, 4545–4558.
DeLano, W.L. (2002). The PyMOL Molecular Graphics System (San
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